Abstract-The linear optical gain of gain-clamped quantum dot semiconductor optical amplifiers (GCSOAs) has been investigated and studied for different energy detuning, doping concentration and different device length. Our analysis shows that large linear optical gain can be obtained when the laser emits 90meV above the ground state and the amplifier operates at the ground state which results in 81meV separation between the laser and amplifier energy. We find that larger detuning between the laser and amplifier energy result in gain saturation. Also we find that for positive 
I. INTRODUCTION
Linear gain-clamped semiconductor optical amplifiers (GCSOAs) are essential elements in modern optical networks since conventional multichannel semiconductor optical amplifiers are characterized by large crosstalk between channels and significant intermodulation distortion due to the dependence of the gain on the device optical power. In gain-clamped semiconductor optical amplifier, the gain is clamped by several methods such as using distributed feedback, distributed Bragg reflector lasers and a vertical cavity laser [1] - [7] .
Today, the fabrication and growth of quantum-confined heterostructures have created the opportunity to use quantum dots in the active layers of lasers and semiconductor optical amplifiers. This is attractive since quantum dots are capable of improving the electrical and optical properties of these devices [8] - [14] . The gain spectrum of arrays of quantum dots, which is fed through the wetting layer via capture/escape mechanisms, is formed from various dot groups, which makes the gain spectrum wide. The wide gain spectrum of quantum dot heterostructures can be exploited to realize broadband gain-clamped optical amplifiers. Another unique property of quantum dot ensembles is the inherently fast carrier capture and escape mechanisms that are very interesting in ultrafast applications. This work describes a detailed theoretical analysis of gain-clamped quantum dot semiconductor optical amplifier for different energy detuning, doping concentration and different device length.
II. THEORETICAL MODEL
The investigated device is an edge emitting laser structure having arrays of self-organized quantum dots in the active layer. The structure acts as a single wavelength laser emitting at L   with no input where the lasing energy is determined by a two DBR mirrors at the edges of the structure. The laser is biased above threshold. One facet of the waveguide acts as the input of the amplifier and the other facet acts as the output of the amplifier. When a signal of photon energy A   is applied at the input of the amplifier, the laser will stop lasing and the input signal will be amplified linearly since the gain is clipped at threshold. Large detuning between
required to enable filtering the amplified signal from the laser signal.
The photon rate equation that describes lasing in GCSOA is
And the photon rate equation for the amplified signal is
where t is time, the superscript L stands for the laser and the superscript A stands for the amplifier.   is the energy corresponding to the gain peak of the i-th transition.
For InAs quantum dots, the heterostructure has 3 energy levels in the conduction band and 8 energy levels in the valence band. The rate equation for electrons in the i-th energy state is given by [13] 
where
is the electron capture rate from the (i+1)th state to the i-th state and
,  is the electron emission rate from the i-th state to the (i+1)th state. iR  is the spontaneous radiative lifetime in i-th state. In (4) the stimulation emission rate is given as
The capture and emission rates are respectively given as [13]   
where n w f is the occupation probability for the electrons in the wetting layer, I is the applied current, q is the charge of electron, a V is the volume and WL N is the carrier density for the wetting layer. With no input the laser is lasing and the gain is clamped by threshold condition. When a signal is applied at the input of the SOA, the signal will be linearly amplified and the laser output will be reduced. The photon energy of the laser Optical Gain (dB)
In quantum dots the hole effective mass is large and band mixing is strong. Due to that the energy band of quantum dot active layers lave large numbers of hole states in the valence band and few number of electron states in the conduction band. The hole states have small energy separation (~10meV) [13] and the electron state have larger energy separation (~60meV). Since the energy separation between the hole states is small, thermal effects are significant. Due to that the injected holes are thermally broadened which decreases the QD ground state gain and increases the temperature sensitivity of the device. It has been experimentally demonstrated that doping the dots with p-type can efficiently provide excess holes which improves the gain properties and increases the room-temperature modulation speed of QD lasers [13] . Moreover, significant improvement of the linewidth enhancement factor in QD lasers has been achieved when the dots are doped with p-type concentration [13] .
The effect of doping the active layer on the optical gain of quantum dot GCSOA is studied. The doping concentration of the quantum dot layer is varied and the optical gain of the amplifier is calculated. The optical gain for different doping concentrations is shown in Fig. 3 for laser emission wavelength fixed at
detuning, doping the dots by P-type concentration enhances the linear optical gain while doping the dots by N-type concentration reduces the optical gain. This finding is different from the finding in Ref. [14] for quantum dash GCSOA which is due to the difference in the band structure of quantum dot. In quantum dash structure the band structure has large and closely spaced conduction band states. Fig. 3 shows that doping the dots by The analysis is repeated for negative
The optical gain is shown in Fig. 4 for
detuning, doping the dots by P-type concentration reduces the linear optical gain while doping the dots by N-type concentration enhances the optical gain. Fig. 4 shows that doping the dots by International Journal of Computer and Electrical Engineering, Vol. 6, No. 3, June 2014 IV. CONCLUSION The gain characteristics of undoped and doped gain-clamped quantum dot semiconductor optical amplifiers have been studied. We find that large linear optical gain can be obtained when the laser emits at 90meV above the ground state and when the photon energy of the amplifier is at the ground state energy. Large separation between the laser and amplifier energy (as large as 81meV) is obtained. We find that detuning between the laser and amplifier energy (larger than 81meV) result in non-linear gain saturation. Our analysis also reveals that doping the dots by P-type concentration will enhance the linear optical gain while doping the dots by N-type concentration will reduce the linear optical gain.
